ABSTRACT Combined two-dimensional and Doppler echocardiography has a high sensitivity and specificity for detection of isolated perimembranous ventricular septal defects. However, muscular or multiple ventricular septal defects may be difficult to diagnose with noninvasive methods, particularly in older children, necessitating angiography for accurate diagnosis. Detection of single and multiple ventricular septal defects with two-dimensional color flow mapping was compared with detection by standard two-dimensional imaging and Doppler. Both techniques were compared with four-chamber left ventricular angiography. Fifty-one patients (age 3 months to 25 years, mean 5.6 years) were studied. Eighteen had solitary ventricular septal defects, 18 had multiple ventricular septal defects, and 15 patients with intact ventricular septum served as a control group. At least one ventricular septal defect was detected by color Doppler and two-dimensional/Doppler methods in all patients with ventricular septal defect proved by angiography with no false positives. In the detection of multiple ventricular septal defects, the sensitivity of color Doppler was 72% and that of two-dimensional/ Doppler was 38% (100% specificity in both). Color Doppler failed to identify multiple ventricular septal defects in five patients (two weighing less than 4 kg and three with reduced pulmonary blood flow). However, no large additional muscular defects were missed by imaging and color Doppler. Color Doppler is useful for the detection of ventricular septal defects and has higher sensitivity than two-dimensional/Doppler for multiple ventricular septal defects. The contribution of color Doppler appears to be in the detection of additional small muscular ventricular septal defects. Circulation 74, No. 6, [1317][1318][1319][1320][1321][1322] 1986 LARGE ventricular septal defects can be detected easily with two-dimensional echocardiography, and small muscular defects have little clinical importance and often close spontaneously. However 
LARGE ventricular septal defects can be detected easily with two-dimensional echocardiography, and small muscular defects have little clinical importance and often close spontaneously. However, when a large ventricular septal defect is present and causes symptoms in an infant, appropriate management currently requires precise anatomic definition of the primary defect and all additional muscular ventricular septal defects, if any. This clinical imperative is encountered frequently in the relatively large group of infants who require early surgery for ventricular septal defect, atrioventricular canal defect, or truncus arteriosus.
Combined two-dimensional and Doppler echocar- diography has a high sensitivity and specificity for the detection of an isolated perimembranous ventricular septal defect. 1-3 However, multiple ventricular septal de- fects may be difficult to diagnose with noninvasive methods, necessitating angiographic validation. In this study, the sensitivity and specificity of the new real-time twodimensional/Doppler color flow imaging technique was compared with standard high-resolution two-dimensional/Doppler examinations and angiographic studies in the detection of multiple ventricular septal defects. Two questions were addressed: (1) What is the accuracy of color Doppler in the detection and characterization of multiple ventricular septal defects in children? (2) What are the limitations of the current color Doppler equipment for diagnosis of ventricular septal defect?
Methods
The results of angiographic examination in our laboratory during the previous 12 months were reviewed to identify three groups of patients: group 1, single ventricular septal defect; group 2, multiple ventricular septal defects; and group 3, intact ventricular septum. As a result, the study population consisted of 51 patients who ranged in age from 3 months to 25 years electrocardiogram. A gated still picture was also obtained on the desired frame in scans of interest. Long-and short-axis parasternal scans were used for detecting perimembranous and outlet ventricular septal defects, and apical or subxiphoid four-chamber approaches were used for examination of the inlet and apical trabecular septa. The detection of abnormal intracardiac shunt flow through the septal wall indicated the presence of septal defect (figure 1). In left-to-right shunt, the intracardiac shunt blood flow through the ventricular septal defect joined the blood flow in the right ventricular outflow tract. In parastemal scans the ventricular septal defect color jet could be distinguished from the right ventricular inflow tract flow by the timing, direction, and shape of the jet (figure 2). Apical scans were used for detection of additional muscular or trabecular septal defects by imaging the flow velocity of blood leaving the left ventricle, similar to a four-chamber angiogram. This flow was directed away from the transducer placed at the apex and in the subcostal region and was color-coded as blue. Therefore jets of flow arising from the apex of the right ventricle identified the presence of a muscular ventricular septal defect (figure 3). To avoid imaging the same jet from several different locations, the transducer was moved from one scan location to another with constant identification of the ventricular septal defect color flow map. All images were recorded on videotape and were reviewed later by three independent observers. Two-dimensional and Doppler echocardiograms and color flow mapping were compared with angiographic findings. The presence of multiple ventricular septal defects was established only if all three reviewers agreed on the findings.
Results
In the control population, both two-dimensional/ Doppler and color flow Doppler demonstrated intact ventricular septa in all patients. At least one ventricular septal defect was detected by both methods in all patients with septal defect(s). There was no case of disagreement among observers regarding false negatives. In two cases one observer voted for a false-positive result. Color Doppler detected multiple/muscular ventricular septal defects in 13 of 18 patients (72% FIGURE 3. Color Doppler echocardiogram from a normal subject (top) compared with that of a patient with two muscular ventricular septal defects (bottom). Apical or subcostal scans were performed gated in systole (white arrows in the electrocardiogram). During systole, blue color flow was imaged in the left ventricle, but there was no detectable flow arising in the right ventricular apex in normal subjects (top). In the presence of apical or trabecular muscular ventricular septal defects, blue jets away from the transducer were detected (open arrows in the bottom panel). I = inferior; S = supenror; other abbreviations as in figure 1. sensitivity) and there were no false positives (100% specificity). Two-dimensional and Doppler echocardiographic examination revealed multiple ventricular septal defects in only seven patients (38% sensitivity) and there were no false positives (100% specificity) (figure 4). Two-dimensional/Doppler examination failed to identify multiple ventricular septal defects in 11 patients. All but one of the defects that were missed were additional small muscular defects. The only patient with an additional (>2 mm) muscular ventricular septal defect that was missed was a 4-year-old child (patient 5) with an apical defect that was difficult to image. In retrospect, the two-dimensional/Doppler examination was suggestive of an additional muscular ventricular septal defect. Color flow mapping failed to identify multiple ventricular septal defects in five patients. The ventricular septal defect that was missed 1320 was an additional small ('2 mm by angiography) muscular defect in all five. Two of the five patients weighed less than 4 kg (3.9, 3.5). The other three false negatives were encountered in the setting of a diminished pulmonary blood flow and consequently a small amount of intraventricular shunting. Of the four patients in whom closure of the defect had been attempted, color Doppler detected residual multiple ventricular septal defects in three, whereas the twodimensional/Doppler method failed to identify the second ventricular septal defect in all four.
One patient who had had surgery for multiple muscular ventricular septal defects 2 years earlier died from other causes 1 month after entering the study. Color Doppler revealed two muscular ventricular septal defect color jets that were related to a single defect on the left ventricular side of the septum verified at postmortem examination (compare figure 3, bottom, and figure 5).
Discussion
Ventricular septal defects are among the most common congenital cardiac defects. Deficiency of the intraventricular septum may occur as an isolated cardiac lesion or as part of a more complex anomaly. Many reports have assessed the reliability of two-dimensional and Doppler echocardiography in detecting different kinds of ventricular septal defect.1 3 The principle factors determining detection appear to be the location, size, and relative ventricular pressure as well as the direction, speed, and turbulence of the blood flow.'-' We recently showed the feasibility of routine measurement of ventricular septal defect pressure gradients with continuous-wave Doppler,4 but pulsed and continuous-wave techniques are not sufficient in the diagnosis of multiple defects. Diagnosis of small single ventricular septal defects, too small to be visualized by conventional echocardiography, is aided by color Doppler techniques.5-'
Color Doppler technique Advantages. In this study, the color Doppler technology clearly added a new capability for the detection of additional muscular or residual postoperative ventricular septal defects in children. We found that every patient with ventricular septal defect(s) had an abnormal color-coded ventricular septal defect jet. Furthermore, with the apical four-chamber view in most patients with multiple or muscular ventricular septal defect, color Doppler flow mapping identified more than one flow jet across the ventricular septum during systole.
Careful scanning of the ventricular septum in the Limitations. The false negatives encountered in this study highlight some limitations of color Doppler for the detection of multiple ventricular septal defects: (1) examination of small babies, in whom even 5 MHz imaging resolution is not adequate, (2) detection of small additional ventricular septal defects in patients with small amounts of interventricular shunting and large primary ventricular septal defects, and (3) definition of multiple muscular defects that may have a discrete left ventricular orifice but multiple sites of entry into the right ventricle. There is the possibility of misreading one large muscular ventricular septal defect divided by a right ventricular muscle bundle as two separate muscular defects, but the surgical importance of two pathways for blood flow remains. A potential source for a false-negative examination is failure to scan the anterior muscular septum by anterior angulation from the four-chamber view or from the short-axis view of the left ventricle and failure to obtain adequate apical imaging. Another may be defects that shunt only briefly in early systole but primarily in diastole.
Kirklin et al. 8 pointed out the significant correlation between the failure preoperatively to diagnose multiple ventricular septal defects and reoperation for overlooked ventricular septal defects and operative outcome.' Accurate localization of all defects in a given patient is critical for successful surgery. In major associated congenital cardiac defects, additional muscular ventricular septal defect(s) may influence the decision for palliation or corrective surgery. The key issue in multiple ventricular defects evaluated by a noninvasive approach is preoperative detection and color flow mapping is a useful adjunct to two-dimensional/Doppler echocardiography for this purpose. The major impact of this technology may lie in the detection of infants with ventricular septal defects, atrioventricular canal, or truncus arteriosus who should not have corrective surgery without angiography.
